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ABSTRACT

The chromatography of polypeptides in 6 M guanidinium hydrochloride (GuHCI) was studied with respect to the measurement
of two ultra-large polypeptides, titin and nebulin. These proteins are integral constituents of the muscle structure, responsible for
elasticity, and play an important role in muscle function. Both are outside the previously available range of calibration standards.
This problem was circumvented by universal calibration in two different solvents, namely denaturing GuHCI conditions for the
unknown polypeptides and buffered solutions of viruses under native assembly conditions. The accuracy of the approach was
established. Two matrices were tested for their stability towards this solvent change without changing their calibration graphs. For
Superose-6 the calibration changed by 10%. TSK-6000PW exhibited a congruent calibration graph for native and denaturing
conditions. By extrapolation it was possible to estimate the chain molecular masses for nebulin to be 560 000 and that for T-1I, the

extractable form of titin, to be 2 000 000.

INTRODUCTION

The size-exclusion chromatography (SEC) of
proteins under denaturing conditions is widely
used to study polypeptide chain molecular mass-
es. Sodium dodecul sulphate (SDS), urea and
guanidinium hydrochloride (GuHCl) have been
employed to this end [1]. GuHCI (6 M) under
reducing conditions or with alkylated proteins
seems to be the most successful [2-19]. GuHCI
breaks multimeric enzymes apart, unfolds the
proteins, binds to the peptide backbone and to
aromatic residues [20] and induces an extended
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coiled conformation whose dimensions are virtu-
ally sequence independent if disulphide bonds
are broken. Normally calibration of the chro-
matographic columns is done directly in terms of
molecular mass with the aid of some reference
peptides of known molecular mass. This strategy
fails for large peptides for which no references
exist. This paper is devoted to this case of ultra-
large polypeptide chains. It attempts universal
calibration valid for different solvent conditions.
Native polymeric protein assemblies, which
would dissociate and denature in GuHCI, were
eluted at regular ionic strength and compared
with denatured proteins in 6 M GuHCI on the
same matrix. Two different matrices were tested.

Universal calibration of SEC in a broad sense
is an attempt to define a unique parameter that
accounts for the elution properties of all chemi-
cal substances and physical shapes. In a narrower
sense it refers to the suggestion of Grubisic ef al.
[21] that this parameter is found in the hydro-
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dynamic volume, viz., the cube of the viscosity
radius, defined as [22]

R‘n = (E;::"TL . [TI]M) =0.0541 ([n]M)1/3 (1)

where R, is the viscosity radius (nm), [7] is the
intrinsic viscosity (ml g~'), M is the molecular
mass and N, is Avogadro’s number. Note that
eqn. 1 is frequently misprinted [14,23]. Judge-
ment is still empirical and lacks a profound
theory. However, calibration by viscosity radii
yields the best correlations and is in this regard
superior to all other known measures such as
diffusional Stokes radius, radius of gyration and
mean linear extension, which is sometimes erro-
neously called contour length, and also plain
molecular mass [23-29]. At present only two
systems, namely schizophyllan and DNA
[23,28,29], are not represented by viscosity radii
or any other of the mentioned measures. A
future theory that truly accounts for all data
therefore will have to define a physical shape
function that coincides with intrinsic viscosity
under most but not all circumstances.

Universal calibration is an idealized concept
that excludes adsorptive effects which often
trouble real systems. In choosing a proper sol-
vent and matrix for a given solute, ideal con-
ditions may be approached. Universal calibration
demands that in a given eluent all solutes elute
by a common criterion as long as adsorption is
lacking. This criterion must further be indepen-
dent of the matrix chosen except for the ex-
cluded case of adsorption. It does not require
that two eluents given identical calibrations. In
fact, the early matrices for biological applications
all changed their pore structures with changes in
pH and ionic strength. Thus each eluent required
its own calibration. Only the recent high-per-
formance matrices are rigid enough to withstand
simple solvent changes. It was therefore possible
to extend the theory of universal calibration to a
comparison of different solvent conditions. All
ionic effects are now accounted by a single
theory [23]. This theory further predicts that
different chemical classes follow a unique cali-
bration only if solvation is explicitly accounted
for. This concept has also been extended to
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GuHC] solutions. It has been noted that the
viscosity radius is the most appropriate measure
[9,10,13,14,18]. Thus a common congruent cali-
bration in terms of viscosity radii was con-
structed on the silicate TSK-SW matrix [10,14]
and on Sepharose, a cross-linked agarose [18].
One study even included 8 M urea and SDS in
their common congruent calibration [10]. On the
other hand, Eriksson and Hjertén {16] found
that a different cross-linked agarose is unstable
towards chemical exposure to GuHCI and com-
pletely changes pore size.

According to theory, R, and R, are virtually
identical for globular compact proteins. For
spherical particles R, is measured with greater
precision that intrinsic viscosity and is thus
substituted for R,. For elongated shapes R, >
R,, the exact value of which depends on quater-
nary structure and flexibility. For denatured coils
R, is greater than R, typically by about 15%
based on experimental figures. A simple theory
predicts about a 30% difference [30]. Thus data
for GuHCI conditions appear early on the basis
of R,. Horiike et al. [14] most explicitly demon-
strated this fact chromatographically. They thus
confirmed that congruent calibration fails for
diffusional Stokes radii as a putative universal
parameter. Excellent correlation is obtained,
however, using viscosity radii. To complicate
matters, native proteins show gradually decreas-
ing elution volumes with increasing GuHCI con-
centration prior to denaturation [31-34]. One
possible explanation calls for a premature elution
of proteins in GuHCI and universal calibration
fails even in terms of R, .

Notwithstanding these difficulties, we were
able to assign molecular masses of unknown
polypeptides in 6 M GuHCI on TSK-6000PW by
reference to native proteins and viruses and to
calculate the chain molecular masses. This is a
particularly intriguing task for titin, probably the
largest single polypeptide chain every found.
Titin, previously also called connectin, is a major
component of the elastic filaments in sarcomeric
muscles (for reviews see refs. 35-37). Direct
solubilization of myofibrils by SDS yields a
doublet on polyacrylamide gel electrophoresis
(SDS-PAGE), T-I and T-II. In the sarcomer, the
ends of the titin T-I molecules are attached to
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the M band and the Z band, respectively, and
titin keeps the acto-myosin filament system in
register. It also provides an elastic component
beyond the acto-myosin system. Titin I-II is a
proteolytic derivative of the parent T-1 molecule,
as shown by monoclonal antibodies, and it stret-
ches from the M band to very close to the Z line
of the sarcomer [38]. It is the only titin species
extractable under native conditions in a variety
of protocols [39-42] and will be characterized
here. Molecular mass estimates based on SDS-
PAGE, chromatography, ultracentrifugation and
electron microscopy range from 800000 to
2800000 [17,39-45] (see Table I). With our
method we obtain a molecular mass of 2 000 000
for titin T-II. Titin T-1 is estimated to be 200 000
[44] to (more likely) 700 000 [39,46] larger than
the 2000000 M, titin T-II. Native titin T-II is a
mixture of aggregates that separates into two
peaks on chromatography on TSK-6000PW. Titin
T-1I,,, still a broad inhomogeneous band, con-
tains two M-line associated proteins of M,
165000 and 190000 by SDS-PAGE on over-
loaded gels. They are visualized by electron
microscopy as globular beads on one end of the

TABLE I
DATA ON SIZE AND SHAPE OF TITIN
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titin molecule. They help to associate titin mole-
cules and several, mostly two, titin tails protrude
from these knobs as judged by electron micro-
scopy [42]. These proteins dissociate in 4 M
GuHCl and are removed in SEC by virtue of
their size. The titin band in 4 M GuHCI lacks
these associated proteins as judged by SDS-
PAGE. The present study identifies titin T-II; as
the native monomer. Mild trypsin treatment of
either T-II, or T-II; removes the mentioned
terminal head domain (knobs) and causes T-II,
to dissociate. The resulting tail domain elutes
identically regardless of whether it originates
from T-II, or T-II; and lacks the associated
proteins. It elutes about 0.1 ml after the native
T-II; band, in line with the observation that
inadvertent proteolysis enlarges the apparent T-
II; peak. This small retention difference implies
that the head domain cannot be much larger
than M, ca. 50 000. Titin T-II and the tail are not
distinguished by SDS-PAGE.

As a second large polypeptide, we studied
another myofibrillar protein, nebulin, which is
only present in skeletal muscle. Much less is
known about this protein, with a molecular mass

Type of titin Method® M_ (x1000) 5 (S) Ry (nm) Ref.
Chicken, native T-II,, /T-II, mixture” Sedimentation equilibrium 2700 17 39
Chicken, native T-II, - SEC 27-57 75-95 42
Chicken, native T-IT, SEC 12.5 48 42
Native T-II; enriched mixture - 13 40
Native T-II, STEM* 2400 = 500 45
Rabbit, denatured T-11 SDS-PAGE based on 1200 44
glutaraldehyde-cross-linked
myosin-H
Chicken, denatured T-I1 SDS-PAGE based on 2100 39
bismaleimide-cross-linked
myosin-H
Denatured T-1I SEC in 6 M GuHCl 800-1600 17
Rabbit, denatured T-1/1I mixture Sedimentation equilibrium 2400-2600° 13¢ 97
in 6 M GuHCI
Chicken, denatured T-II SEC in 6 M GuHCl 2000 53 This study

“ Methods other than sedimentation velocity.

® Judged to be a mixture by comparison with other entries in this table.

¢ Scanning transmission electron microscopy.
“Based on partial specific volume v = 0.727.

° Authors report 4.15 S, which apparently was not corrected to unit viscosity.
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in the range 500000900000 calculated on the
basis of its mobility in gel electrophoresis
[36,39,43,46,47]. Resistant to extraction under
native conditions, its size and shape are not
known. However, it has been suggested that
nebulin could form a fourth filament system in
skeletal muscle [47-49] and may be the length
regulator of thin filaments [46]. In the sarcomer,
nebulin is primarily located within the I-band.
Here we estimate a molecular mass of 560 000
for the m unit by SEC in GuH(l.

Ior U monomer unit

Size-exclusion r‘hrnmamarnnhv

The chromatographlc mstrumentation has
been described in detail previously [24,25]. The
columns consisted of a Superose-6 cross-linked
agarose matrix in a 30-cm glass cartridge (Phar-

macia—-LKB) and a TSK6000-PW 60-cm stain-
less-steel column (Toso Haas—Pharmacia). Both

columns have been described nreviouslv [23-261

ARG LaVE USRIL WBVOLAAULR PR VIUUGLY (e TV

Flow-rates were less than 0.3 ml min 1, corre-
sponding to shear rates below 300 s™' for the
present experimental set-up. Absence of shear
degradation was verified by SDS-PAGE (for a
general discussion of shear degradation, see ref.
50). Elution was monitored by measuring the

h + 720N Q 1 trats
absorbance at «5uU 1. SampiC COonciniralions

were kept to a minimum, e.g., not exceeding 0.2
mg ml™" for titin, to avoid concentration arti-
facts. The 6 M GuHCI eluent contained 0.4 mM
B-mercaptoethanol, 50 mM Tris—HCIl (pH 7.3)
and 1 mM EDTA.

Materials

Most of the samples used for calibration have
been described previously [24]. Briefly, we used
albumin from bovine serum (Sigma A8531),

r‘lphvr‘]rnnpn ace from veast

( ,QI amna
uuuuuuu S AIGaLY jeie iy Jvase

(Sigma
AB8656), aldolase from rabbit muscle (Sigma
A6253), alkaline phosphatase from yeast (Sigma
P9761), apoferritin from horse spleen (Sigma
A3660) PB-galactosidase from Escherichia coli

(Sigma G8511, G6008), carbonic anhydrase from
bovine erythrocytes (Sigma C7025), catalase

from bovine liver {anmo C1000  Pharmacia

128732z UUViIIIC VOl Digiiia iUV,  Iiaaiudialia

17044101), cytochrome ¢ from horse heart
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(Sigma C7150), bovine gamma-immunoglobulin

(Sigma 15506, BioRad 1511901), myoglobin from
horse heart (Sigma M1882, Bio-Rad 1511901),

ovalbumin from hen egg white {pharmagln

Ueia R L9314 CA BT

17044201, Bio-Rad 1511901), ovomucoic from
hen egg white (Sigma T2011), phosphorylase B
from rabbit muscle (Boehringer 108570), thyro-
globulin from pig thyroid (Sigma T1126, Bio-
Rad 1511901), human transferrin (Sigma
T2252), bovine a-trypsin, urease from jack
heane {Qioma YT’I’7C’)\ A’T‘D (morln IT CQioma

beans (Sigma U7752 de II, Sigma
A3377) and vitamin B12 (Bno -Rad 1511901).
Tomato bushy stunt virus (TBSV) and turnip
yellow mosaic virus (TYMV) were kindly pro-
vided by J. Witz, Strasbourg; bacteriophages QB
and MS2 were a gift from C. Biebricher, Got-
tingen; rabbit muscle tropomyosin was a gift
from A. Wegner, Bochum; chicken muscle actin
was a gift from D.O. First, Géttingen; human
erythrocyte spectrin was provided by S. Eber,
Géttingen, and the haemolymph of Eurypelma
californicum obtained from H.J. Schneider,
Munich, was used to study haemocyanin under
oxidative conditions; bovine brain clathrin was a
gift from E. Ungewickel, Munich; and pig neuro-
filament protein NF200 was a gift from N.
Geisler, Gottingen. Tobacco mosaic virus
(TMV) was prepared as described previously
[51]. Titin, nebulin and myosin were prepared as
follows.

Preparation of iitin and nebulin
Native titin T-II was purified from chicken
nerfnrnlm muscle as described nremmmlv [47]

The final step was SEC through Superose-6 Tlus
material was then dialysed to buffered 6 M
GuHCI (see above) and analysed. In addition,
native titin T-II was fractionated in. high-salt
buffer [S00 mM KCl, 50 mM Tris—-HCI (pH 7.9),
2 mM EGTA, 1 mM pB-mercaptoethanol] as

descrihed in detail nravionely [491 Tha twn

BVOVAIUVAL 2l Ubian pIVVIVUWOLY  |[T&. A1V eWU

bands T-II, and T-II, were separately dialysed
to 4 M GuHCI and analysed.

Enriched fractions of nebulin were obtained
by extraction of myofibrils from chicken breast
muscie with 0.6 M KCi and 1 M KI to remove
most of the actin, myosin and titin as described
3R] Thece ‘‘hich_calt avtrastad munfihrile?” wara
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subsequently solubilized in 6 M GuHCI [50 mM
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Tris—HCI (pH 8.6), 1 mM EDTA, 10 mM -
mercaptoethanol] and repeatedly applied to a
Superose-6 SEC column equilibrated in 6 M
GuHCl [20 mM Tris—-HCl (pH 7.3), 1 mM
EDTA, 0.4 mM B-mercaptoethanol]. Nebulin
essentially eluted in the void fraction and all
smaller peptides were removed. An amount of
100 pg of nebulin could be obtained per run,
requiring 30 min. Fractions from repetitive runs
containing nebulin were pooled. The entire prep-
aration could be accomplished within 1 day,
which minimizes the risk of proteolytic break-
down.

Titin and nebulin were detected by gel electro-
phoresis and immunoblotting with monoclonal
antibodies as described [38].

Cross-linking of myosin

During the preparation of titin, fractions en-
riched in myosin were obtained [42]. A sub-
sequent SEC step on Superose-6 in high-salt
buffer [0.6 M NaCl, 50 mM Tris—-HCI (pH 7.9),
1 mM EDTA] yielded pure myosin heavy chains.
For chemical cross-linking, myosin was dialysed
against a different high-salt buffer [0.6 M NaCl,
25 mM sodium borate buffer (pH 9.0)] and
then treated with p-N,N’-phenylenedimaleimide
(Sigma P3396) at room temperature [52]. The
molar ratio of the reagent to myosin was 10:1
and the reaction was stopped after 30 min by
adding an excess of B-mercaptoethanol. The
extent of cross-linking was monitored by SDS-
PAGE.

RESULTS

Reference data for denaturing conditions

It was demonstrated in the past that reduced
proteins denatured in 6 M GuHCl are well
characterized by a Mark-Houwink relationship
establishing a correlation between molecular
mass and intrinsic viscosity or, for that matter,
viscosity radii R,. Surprised by the small but
notable lack of universal calibration mentioned
in the Introduction, we decided to review all
available primary reference data and recalculate
the Mark-Houwink relationship. This equation
is subsequently applied in Table IV to calculate
calibration data for the materials actually studied
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and its validity is crucial. Table II lists all
molecular masses, intrinsic viscosities and corre-
sponding viscosity radii found in the literature
for reduced proteins in 6 M GuHCl. Most of
them were determined in Tanford’s laboratory.
Two observations (glucose oxidase [53],
ovomucoid [54]) were omitted from the table
and subsequent calculation because their data
seemed in error [9]. Older data for myosin [55-
57] were rejected. A former value for albumin
[13,58] has been adjusted by new measurements
[19]. Data obtained in 5 M GuHCI (glycer-
aldehyde-3-phosphate ~ dehydrogenase  [59],
thyroglobulin [60], tropomyosin [61]) and 7.5 M
GuHCl (paramyosin [1,22,61]) have not been
considered. For cytochrome c¢ the molecular
mass for the apo-enzyme is listed in Table II.
The haeme group (an extra 617 in molecular
mass) is covalently attached and makes cyto-
chrome ¢ an unreliable reference. If available,
molecular masses have been calculated from the
protein’s sequence. This explains differences
between Table II and previous compilations. The
data are shown in Fig. 1. The resulting correla-
tion between viscosity radius (nm) and molecular
mass is

R,=1.73,-107*M"*>* 2)

with a correlation coefficient of r=0.9997. The
mean accuracy, defined in the section Accuracy
of measurement below, is 1.9+ 1.2%. This is
slightly different from the coefficients normally
quoted, 1.676-1072 and 0.555, respectively [22],
but it makes no difference over the applicable
data range. In conclusion, reference viscosity
radii seem to be reliable.

Reference data for non-denaturing conditions
The proper definition of Ry as the ultimate
ratio of universal calibration (see Discussion) is
still unsettled and R, values are currently substi-
tuted for it. For nearly spherical objects this
reduces to the equality R, = R,. For native
proteins we used the same hydrodynamic con-
stants as previously [24]. The reference values
for apoferritin and urease are debated and thus
uncertain in the range 6.1-6.6 nm (discussed in
ref. 62). As can be seen from the data in Table
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TABLE II
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INTRINSIC VISCOSITY REFERENCE DATA IN 6 M GuHCl

Name Origin M,* [m] (ml g™") R, (nm) Ref.
Albumin Bovine serum 66 463 50.1 8.08 19
Aldolase Rabbit muscle 39211 353 6.03 58
Carbonic anhydrase 29000 29.6 5.14 22
a-Chymotrypsinogen A Bovine pancreas 25 666 26.8 4.78 58
Cytochrome ¢ Horse heart 11702 14.4 2.99 4
Haemoglobin (a + 8) (apo) Human 15500 18.9 3.60 58
Insulin (A + B) Bovine 2870 6.1 1.40 58
Lactate dehydrogenase Bovine heart 36 500 32.4 5.72 98
B-Lactoglobulin 18 400 22.8 4.05 58
Lysozyme Chicken 14313 17.1 3.38 22,99
Myoglobin (apo) Horse 16950 20.9 3.83 58
Myosin H-chain 224000 107.5 15.62 22
Ovalbumin Hen egg white 44 310° 34.6 6.22 98
Pepsinogen 40000 315 5.84 58
ATP phosphoribosyltransferase Salmonella 33211 319 5.51 100
typhimurium
Ribonuclease A Bovine 13 690 16.6 3.30 58
Surface antigen 51A protein Paramecium 301 500 133.4 18.54 101
aurelia
Surface antigen 51B protein Paramecium 260 000 115.2 16.80 101
aurelia
Surface antigen 51D protein Paramecium 270 000 123.0 17.39 101
aurelia :
Transferrin Human 825554 50.8 8.72 4,102
Uromodulin® Human 86 000° 52.9 8.96 103

“ Molecular masses are based on sequence data whenever they were available in the SWISSPROT data bank.

® Formerly called Tamm—Horsfall urinary glycoprotein.
“ Based on M, 1560 carbohydrate [104].

“ Based on M, 6200 carbohydrate [104].

‘ Based on 28% carbohydrate [9].

IIL, the assignment is ambiguous and their order
of elution depends on the column used. The
issue could not yet be settled. The Stokes radius
for a-trypsin was taken from the diffusion coeffi-
cient [63]. The value for 27S-thyroglobulin, i.e.,
dimers of the primary native species, is taken
from interpolation of chromatographic elution
on two different matrices (Superose-6 and TSK-
5000PW) and should properly be called an Rgg
value only. The size of the spherical virus also is
well established and previous values are used
[24]. The calibration data for TMV are reviewed
and insignificantly revised from previous choices
as follows.

Depending on conditions, solutions of TMV
easily aggregate or disassemble, which historical-

ly has resulted in tremendous efforts to establish
proper physical constants. The now settled elec-
tron microscopic (EM) length of the virus mono-
mer is 300 nm [64,65]; values of 280 nm [66,67]
and 270 nm [68] were reported previously. EM
specimen preparation may break the virus par-
ticles on drying and part of the size variation
may be an artifact without correspondence to
solution properties [69]. In line with this reason-
ing is a 270-nm preparation that was found to be
infectious [70] and its solution may well have
contained proper 300-nm particles. Further, the
intrinsic viscosity of 270-nm preparations is
identical with if not larger than that of well
defined 300-nm preparations [68,71].

Based on a 300-nm EM length, the X-ray
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Fig. 1. Mark-Houwink relationship for proteins in 6 M
GuHCI based on all available data given in Table II. The
resulting correlation of intrinsic viscosity (ml g~*) and molec-
ular mass is [n] =3.16- 107> M,

structure and the protein sequence, the molecu-
lar mass of the virus monomer is 39.4 - 10°. This
agrees well with 11ght-scattermg data of 39.0-10°
[71] and 40.0 - 10° [72] and with values calculated
from sedimentation and drffusron At infinite
dilution monomers sediment with sa,. « values (in
Svedberg units) of 185 S [68,73 74] 187 S [68]
188 S [71] or 198 S [69,75], albeit part of the
latter data are equally represented by 190 S [69].
Sedimentation coefficients of rod-shaped objects

pnmdruy (.leCIlG on the diameter dIlLl are in-

sensitive to moderate length heterogenerty The
fnl]nwmo drfﬁmmn r‘nefﬁmentq D“, have been

reported. 53-107% cm® s~ for a 270-nm prepa-
ration [68], 5.0-107% cm® s™' derived from the
spreading sedimentation boundary extrapolated
to the meniscus posmon to ehmmate the effect
of boundary sharpening {76], 4-107° cm s as
a crude determination [74], 4.4-107® cm® s7* (if

the corresponding s-valnp tnrlv were 198 S, 2

s SRLaLSopviilaiiis Avs  vises e &

value of 4.6-10-° cm® s~' would match the
molecular mass better) [69] and 4.75-107® c¢m?
s™! as the latest value [75]. The diffusion con-
stant is very sensitive to length heterogeneity and
measurements are less reliable than those for

sedimentation coefficients. Stokes radii for TMV
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monomers based on diffusion measurements fall
into the range 45-50 nm; larger values are
ndoubtedly aggregates and smaller ones frag-

ments. Partial specmc volumes \V) have been

given as 0.727, 0.730 and 0.743 ml g~' [68,75].

Proper Stokes radii may also be calculated from
molecular mass, s value and partial specific
volume. Compared with diffusion measure-
ments, the reproducibility of measured intrinsic
viscosity is excellent even though it also depends
heavily on the length of the rods. Values of
[7]1=36.7 ml g~ [71] for a 300-nm preparation
[65],39.0 ml g~!

LYV Y7V iL

36 5 ml g™* [74] 37.0 ml g~ [77] and 32.0 ml

[78] have been reported. Together with the
molecular mass the viscosity radius is R, =62
nm. Eqn. 3 in ref. 24 uniquely relates R, and R,
and together with sedimentation coefficients sets
the most likely value as R, =49 nm. This yields

averallant agraamant with tha ERM langth ncing
CALLLCIIU aRICUINVIIL Wil UGS D1V Vg UL udililg

eqn. 2 of ref. 24. (Note that earlier equations
based on ellipsoidal shapes give wrong results
[24,71].) All the above parameters are interre-
lated by well established hydrodynamic relation-
ships [24] and may be cross-checked. The follow-
ing is an optimized balanced data set for TMV

e s, AL 20 A, 100 O 101 Q
Vitus MOnoOmeceis: lu = .)7 4-10°, Syow = 171 O,

DY, =4.4- 10- $em?s™!, [g]=37ml g}, v
0.730 ml g~ hvdratlon H=0.7 g H,0 g“,
frictional ratlo f/f0 2.2, length L=300 nm,
2130 subunits, R, =49 nm, R, =62 nm.

It is possible to prepare nearly pure prepara-
tions of virus monomers, but depending on
solution conditions and age of the sampie an
additional sedimentation boundary may appear
and physical parameters of such mixtures

change Thrs extra boundary has a sedimentation
coefficient of 220 S [73], 216 S [68] or 210 S [74],
as would be expected for an axial dimer of the
above-described monomeric virus particle. Dis-
aggregation of virus proceeds in discrete steps
owing to the preferential affinity of the RNA

seguence to the coat protein 701 and vields what
vvvvv € 10 1€ coat protein | /¥ ang yieids wnat

is called partially stripped viruses. The latter
seem preferentially to induce aggregation [69]
and a large fraction of the observed aggregates
may therefore be shorter than proper dimers

[68,80]. Like sedimentation, SEC also yields
separate peaks but so far no preparative amounts

for a 270-nm orenaration [68]

@ L7VUTHLLL pivpGiGuUi VO],
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TABLE III
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ELUTION VOLUMES OF NATIVE PROTEINS AND VIRUSES (NON-DENATURING CONDITIONS)

Sample R * V (ml)

(nm)

oupcl UW'U

I1=100 mM, I=214mM, I=1214mM, I=60 mM, I=202 mM,
pH=8.0 pH=17.0 pH=7.0 pH=28.0 pH = 6.86
(40 mM borate, (100 mM Na (100 mM Na (40 mM borate, (6 mM Na,HPO,,
98 mM NaF) phosphate) phosphate, 58 mM NaF) 2 mM NaH,PO,,
1000 mM NaCl) 1 mM EDTA-Na,,
179 mM NaCl)

TMYV dimer (117) 13.30 13.21

T™V 62 7.01 (void) 15.08 14.85

Spectrin, tetramer 21.8 8.37 18.17

TBSV 17.2° 9.33 18.7

TYMV 15.1°  10.03 19.11 19.12

Spectrin, dimer 14.1 10.15 19.21 19.28

QB 14.3° 10.59 19.17

MS2 13.9°  10.59 19.37 19.63

Thyroglobulin 27S° 1214 11.22 11.42 11.45

Haemocyanin 10.8° 1178 12.18 19.80 19.84

Thyroglobulin 198° 8.6° 12.98 13.26 13.21 20.07 20.22

B-Galactosidase 6.86° 14.33

Urease 6.34° 14.55 20.78

Apoferritin 6.06° 14.85 20.60

Catalase 5.23°  16.17 20.90

Immunoglobulin G 523" 16.18 15.96 16.15

Alcohol dehydrogenase 4.55" 16.34

Albumin, bovine serum  3.62° 16.72 21.16

Alkaline phosphatase 330" 16.99 21.35 21.65

Ovalbumin 2.83° 17.65 17.91 17.85

Ovomucoid 2.75°  17.45

Carbonic anhydrase 2.01° 18.50

a-Trypsin 1.95° 18.67

Myoglobin 1.91° 18.89 18.69 18.74

ATP - 20.30

Cytochrome ¢ 1.63* 21.08 225

Vitamin B,, (Voor) - 21.72 21.78 22.35 23.0 22.90

* For asymmetric particles true R, values are listed.

® For known spherical particles the R, value has been used instead of proper values of intrinsic viscosity.

‘198 is the major species of 670 000 molecular mass.
? Rgpc value (see text).

of pure “dimers” have been isolated for detailed
studies, A value of Inl =140 ml 67! mav he
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calculated from a Mark-Houwink relationship
[23]. Intrinsic viscosity measurement of a mix-
ture of 61% monomer and 39% dimers (80.7 ml
g™ ") is slightly larger than expected for true 600
nm dimers, which contradicts the lower apparent
size of EM images [68]. This leads to R, =117

(%3) nm, with the upper bound for true dimers
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value of 115 nm was obtained previously from
SEC by extrapolating the calibration graph
beyond the TMV monomer peak [24]. Even
though the term “dimer’” may be partly mislead-
ing, one is confronted with a well reproducible
preparation. Mixtures have also been studied by
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quasi-elastic light scattering [81] and by diffusion
[82], but their composition remained unrecog-
nized. Occasionally distinctly larger aggregates
have also been observed.

In terms of hydrodynamics, TMV is probably
the best characterized high-molecular-mass bio-
polymer. Of the few similar-sized viruses that are
known, it is the only one readily available for
routine analysis. The behaviour of DNA, albeit
extensively studied, is not yet sufficiently under-
stood. A limited number of symthetic flexible
chain polymers, albeit heterogeneous in size,
might be used in a future study to secure the
present calibration graph in the ultra-high molec-
ular mass region. Any SEC study calibrated by
TMYV, other viruses or chain polymers obviously
depends on the reliability of the reference data

and its results are subject to any revision of

those.

Attempted universal calibration for Superose-6
We started our study on Superose-6, which has
a convenient size range to compare native pro-
teins with those denatured in GuHCI. Table III
specifies the viscosity radii of native reference

TABLE IV
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compounds and presents elution volumes. Note
that these values depend on the actual filling
volume of the column and may also suffer from
batch-to-bach variability in matrix production.
Hence these -elution volumes are representative
for the brand but may may differ slightly for
different fillings. Earlier investigations have
shown that elution volumes do in any case
depend strongly on the ionic strength [23,25,27].
For repulsive interaction R varies at low ionic

strength with 1 2 and normally levels off
around 7 = 100-200 mM ionic strength Table 111
shows that for Superose-6 there is little further
difference for 1 M salt. Elution volumes were the
same with and without 0.4 mM f-mercapto-
ethanol in the presence of a helium purge. Note
that there is a significant drift of vitamin B,
elution volumes with increasing salt which is not
paralleled by proteins. Similar observations have
been made previously on TSK-5000PW [25] and

TSK- 6000PW [23].

The eluent was then switched to 6 M GuHCl
(see Experimental) and the proper set of refer-
ence standards was measured (Table IV). This
type is normaily the soie set studied for GuHCi

ELUTION VOLUMES OF DENATURED PROTEINS IN 6 M GuHC!

Sample M, (x1000) R, (nm) V (ml)
Table I Calc. with eqn. 2 Superose-6 TSK-6000PW

Blue dextran 2000 ~25° 7.04

Myosin, cross-linked H-chain dimer 448 22.85 7.86 18.24
Specirin (monomer) 230 15.81 i8.75
Myosin H-chain 224 15.62 9.22 18.93
Clathrin 190 14.23 9.85

Neurofilament NF200 114° 10.79 10.75

B-Galactosidase 116.4 10.86 11.60 19.93
Phosphorylase B 97.2 9.83 11.82 20.05
Transferrin 82.6 8.72 12.50

Albumin, bovine serum 66.5 8.19 12.80 20.76
Immunoglobulin G, H-chain 49.5 6.77 13.82 20.90
Actin 41.8 6.17 14.15 21.27
Aldolase 39.2 6.03 14.20

Immuno gl" Glin G, L-chain 23.5 4.45 15.65

ATP - 19.80

“ Estimated from eqn. 1 with [n] = 50 [83].
* Estimated from a sequence mass of 109.587 plus up to 4.750 bound phosphate [105].
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conditions. Again calibration data are listed,
some directly from Table II and others calcu-
lated via eqn. 2 from the known molecular mass.
Blue dextran, which is included in the list, is a
heterogeneous polysaccharide [83] which is at
least partially included in the separation range of
Superose-6 and thus is unsuitable to measure the
void volume. In addition to the reference data,
Table IV also presents the elution volumes for
the particular columns employed in this study.
Fig. 2 presents the data for Superose-6. Both
data sets give log-linear relationships between
R, and V (ml) in the first 60% of the separation
range and this is the range recommended for
analysis, but the calibrations differ by 10% in R,
or 0.5 ml in elution volume. This means that the
protein coils appear to be 10% larger than
predicted from their intrinsic viscosities in 6 M
GuHCI. However, even blue dextran and, more
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Fig. 2. Calibration of Superose-6. (A) Native proteins,
viruses and ATP and (X) vitamin B,, at ionic strength
I=100 mM; data from Table III. (@) Denatured poly-
peptides and (X) blue dextran in 6 M GuHCI; data from
Table IV. The log-linear calibration range extends from
about 7.5 to 16 ml (solid lines); subsequently the calibration
graph bends downwards. Cytochrome c¢ is obviously some-
what adsorbed. Calibration of native and denatured con-
ditions is virtually parallel but offset by about 0.5 ml in
volume or 10% in R,.
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significantly, ATP are shifted by the same
amount. Note that ATP, being charged, elutes
differently from vitamin B,, and so will a
number of small molecule markers. This illus-
trates the bias introduced in determining Vi ;.

The observed premature elution of proteins in
GuHCI may have two reasons. The most likely is
that the cross-linked agarose matrix changed
conformation. Alternatively, elution simply
would be premature and demonstrate once more
that R, is not the ultimate answer to universal
calibration. However, if the latter were true, the
effect had to be reproduced on a different matrix
as universal calibration is assumed to be in-
dependent of the matrix.

Universal calibration for TSK-6000PW

We therefore repeated the measurement on a
different matrix. The TSK-PW matrix is a hydro-
philic polymer, albeit more hydrophobic than
Superose, and TSK-6000PW is designed for the
study of extremely large particles with viscosity
radii above 10 nm up to at least 200 nm. Fig. 3
presents the data from Tables III and IV graphi-
cally and demonstrates a log—linear calibration in
this size range which is only slightly dependent of
ionic strength above 60 mM (up to at least 202
mM). This calibration is indirectly supported by
a number of DNA standards that elute slightly
differently but with a parallel calibration graph
[23]. Some discrepancies do arise, however, in
the last 40% of the separation range. This is the
range after the bend of the calibration graph and
is not recommended for analysis. In contrast to
the range R, >10 nm there is a definite ionic
strength dependence of these smaller native
samples (difference between 7 = 60 and 202 mM)
which predicts an even larger discrepancy of the
GuHCI data (I = 6 M), as observed. It is difficult
to judge whether in addition the matrix is also
changing for this size range and TSK-PW may be
less resistant to exposure to GuHCI than one
would wish. However, for those peptides having
a viscosity radius in the linear working range of
the column, a congruent universal calibration
between denatured proteins in 6 M GuHCI] and
native viruses is obtained. TSK-PW thus appears
to be usable for dual solvent experiments like
TSK-SW [14] supposedly is. The different pat-
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Fig. 3. Universal calibration of TSK-6000PW. Native pro-
teins and viruses at ionic strength I =(A) 60 mM and (+)
202 mM. (X) Vitamin B,, in both conditions; data from
Table II1. (@) Denatured polypeptides in 6 M GuHCl; data
from Table IV. Elution volume measured for titin (T) is 15.5
ml and for nebulin (N) 17.54 ml. The calibration graph was
fitted for the linear range of the 7 = 60 mM data but is valid
for all data in the range 10-62 nm (solid line).

terns observed with Superose-6 and TSK-
6000PW clearly evade a common mechanism
other than to assume that Superose is indeed
unstable to exposure to GuHCI.

Cross-linked myosin

The cross-linked dimer of myosin heavy chain
eluted slightly later in GuHCI than expected
from eqn. 2. Cross-linked proteins are branched
polymers and not strictly comparable to linear-
chain polypeptides. In principle, such a deviation
is therefore to be expected. The actual size of
cross-linked proteins depends critically on the
extent of cross-linking and also on the type of
cross-linker. For example, studies of fibrinogen
have amply demonstrated that glutaraldehyde
completely contracts the chain. Our preparation
of myosin seems fairly well behaved, but a heavy
reliance on cross-linked samples may lead to
erroneous results.
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Neurofilament protein

Apart from the cross-linked myosin, only the
largest of the neurofilament triplet proteins,
NF200, deviated substantially from calibration in
GuHCI. Designated “200" for its apparent mo-
lecular mass by SDS-PAGE, it elutes from the
GuHClI column like an M, 140 000 protein [84].
Its true sequence of M, 110000 is only slightly
larger than that of the medium neurofilament
protein NF145. It is heavily phosphorylated,
which may be the reason for abnormal behaviour
in GuHCI. Still, chromatography in GuHCI gives
a smaller error than SDS-PAGE.

Accuracy of measurement

The partition radius R is the radius read off
the mutual calibration graph. The bias is due to
uncertainties in the calibration data themselves
and due to interfacial interactions that are only
present in the porous matrix and not in the bulk
solvent where calibration data had been mea-
sured. Table V lists Ry values for two sets of
conditions. Note that the values depend on the
matrix used. Comparison with similar reports by
other workers further indicates that they are
certainly biased by the choice of reference com-
pounds on which they are based. The mean
accuracy was computed by omitting one sample
at a time and calculating the percentage devia-
tion from the residual calibration graph. These
percentage deviations were then averaged. The
mean accuracy for the native Superose-6 data is
3.2+2.2% for the linear calibration range (see
Fig. 2). That for the GuHCI data on Superose-6
is 3.1 £2.6%. This is slightly worse than the
accuracy of eqn. 2 itself. For TSK-6000PW,
native conditions at /=60 mM, the corre-
sponding figure is 2.4+ 1.7% for the linear
calibration range (see Fig. 3). Merging all data
obtained on TSK-6000PW in the linear range
(both native and GuHCI), the figure is 4.6
4.1%. The dual solvent method is therefore
clearly less accurate than single solvent calibra-
tions. However, even the accuracy of matching
R, by Rgpc in the single solvent method is
significantly lower than the precision of measure-
ment, i.e., the reproducibility in the determi-
nation of elution volumes, which is better than
1%. These discrepancies may in part be due to
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TABLE V
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PARTITION RADIUS R,.. UNDER NON-DENATURING CONDITIONS

Sample R, Rggc (nm)
(nm)

Superose-6 TSK-6000PW

(I =100 mM) I =60 mM)
T™MV 62 61.6
Spectrin, tetramer 21.8 21.0 20.8
TBSV 17.2 17.5 17.3
TYMV 151 15.3 15.0
Spectrin, dimer 14.1 14.9 14.5
QB 14.3 13.7 14.7
MS2 13.9 13.7 13.7
Thyroglobulin, dimer 12.1
Haemocyanin 10.8 10.9
Thyroglobin 8.6 8.67
B-Galactosidase 6.86 6.69
Urease 6.34 6.41
Apoferritin 6.06 6.05

inaccurate hydrodynamic reference data, but
certainly also include minor systematic differ-
ences between R, and Ry that have not
previously been addressed.

Titin and nebulin

The theory presented and experimental data
support the use of calibration graphs for
TSK6000-PW outside the range accessible to
monomeric polypeptides for both native and
denatured GuHCIl conditions. It is therefore
straightforward to prepare unknown samples of
titin or nebulin in 6 M GuHCIl and to measure
their elution volumes. Both native fractions of
titin, T-II, and T-II, yielded identical elution
volumes in GuHCIl and lacked associated pro-
teins as judged by SDS-PAGE. These elution
volumes, 15.5 ml for titin T-II and 17.54 ml for
nebulin, are then converted to viscosity radii via
the universal calibration graph in Fig. 3. One
obtains R, = 53 nm for titin T-II and R, =26 nm
for nebulin, each denatured in 6 M GuHCI.
Subsequently the viscosity radius is converted
into molecular mass via extrapolation of the
Mark-Houwink relationship (eqn. 2), which
strictly had only been obtained for the M, range
2870-301 500. One obtains 2000000 for titin

T-IT and 560000 for nebulin. Both proteins, in
particular titin, are indeed extremely large.

DISCUSSION

Universal calibration

For isotropic random pore size distributions,
theory predicts that the mean linear extension
(L-measure) uniquely defines elution of all
shapes [85], whereas viscosity radius does not
[86]. Experimentally this is clearly not the case
[23,24]. The majority of polymer types eclute
congruently in terms of their viscosity radii R,,
including the flexible and bent rod spectrin with
spherical viruses in the present study (Table III).
There are only two well established systems,
schizophyllan and DNA, where the universal size
parameter Rgp seems to be larger than R, but
smaller than L/2 [23,28]. For DNA Rg .=
1.15R, based on data from a single eluent. A
recent claim that even proteins and pullulan do
not co-elute [29] is at variance with numerous
previous assessments regarding universal calibra-
tion of solid spheres and fiexible chain polymers
(reviewed in ref. 23), including work by the same
group [28]. The admittedly unpleasant uncertain-
ty regarding the principles of the SEC mecha-
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nism cannot negate useful correlations of a more
limited nature. Thus, comparison of solid spheri-
cal native proteins and viruses with nearly ideal
flexible chains of the denatured proteins in terms
of viscosity radii R, is not nearly as problematic
as generalization to all possible structures would
be. Universal calibration in terms of viscosity
radii R, may be an empirical coincidence, but
available theory also is insufficient: (1) real
porous matrices are hardly ideal random and
isotropic by the obvious need for ingress and
egress of solutes; (2) pore walls are not plane but
curved; (3) alignment of asymmetric units is
energetically favoured; and (4) excess frictional
drag may perturb chain—polymer configurations
(a detailed account on the theory is in prepara-
tion)

Comparison of native proteins and viruses,
which are more or less compact spheres, and of
polypeptides denatured by GuHCI, which are
charged random coils, may improve our perspec-
tives of universal calibration, but matters are
complicated. GuHCl is a chaotropic agent that
reportedly affects the structure of gel matrices.
Our data support earlier evidence from Eriksson
and Hjertén [16] that cross-linked agaroses tend

to chanece nore size on exnosure to GuHCIL,
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More remarkablc is the reported congruent
universal calibration on Sepharose, a different
type of cross-linked agarose [18].

Horiike et al. [14] have previously established
universal calibration of silicate TSK-SW with the
GuHCI system and we have now extended this
observation to TS . PW It therafore ceames that
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universal calibration between solid spheres and
charged coils holds. The deviation on Superose-6
then is explained by solvent-induced changes of
the matrix itself. This does not contradict theory.
Universal calibration may still hold within one
given eluent. In fact, Superose yields reproduc-
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but not compared with those for other solvents,
Clearly, non-rigid gels may not be used for
universal calibration amongst different eluents.
The notion that uncharged polymer coils, such as
pullulan, do deviate from solid spheres remains
to be examined in more detail. For example the
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deserves critical observation.
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Ionic strength dependence of elution
A surprisingly linear correlation between total
apparent elution radius R and 7~''? has been

ohserved orevicusly for lower innic etrenath in
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the case of repulsive interactions {23,25,26]. If
this is extrapolated to high ionic strength, signifi-
cant calibration differences are to be expected
between I =100 mM and 6 M GuHCl. That is,
increasing salt would continue to shift calibration
graphs to larger volumes, i.e., apparently smaller
sizes. This is not the case. Al— uxsu ionic auuustu
the mentioned linearity in I~/ breaks down and
this has been verified experimentally for native
conditions. It is also expected from theory. When
the diffuse double layer shrinks below a certain
size, other forces, such as hydration, take over to
dominate the interfacial radius contribution Ry.
This effect might be enhanced by the fact that at
increasing ionic strength the surface potential i,
may cease to be maximally saturated and con-
stant but diminishes. The actual break point
depends on the magnitude of the electrostatic
interaction and thus some matrices may require
200 or even 500 mM salt to match 6 M GuHCl in
a duai soivent experiment, whereas others may
suffice with 60 mM salt.

Non-ideal effects

Polyelectrolyte adsorption is related to an
effect known as hydrophobic interaction chroma-
tography and, if it occurs, increases with increas-
ing salt concentration. No retarded elution has
been observed with 6 M GuHCI solutions, but a

comnancataory chanoa of the TS _PW matrivy
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structure cannot be excluded in principle. Ad-
sorption certainly is unable to explain the
GuHCI data on Superose, nor can it explain the
small ionic strength difference of TMV on TSK-
6000PW under non-denaturing conditions.

No: natu
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GuHCl gradxent chromatography is used to
study details of the denaturation of proteins [31-
34]. A most interesting aspect of this work is a
gradual shift towards smaller elution volumes,
, larger sizes, well before and possibly also
after the sharp cooperative transition ciirve be-
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tween the native and denatured conformation.

This effect, which seems to be general, is best
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demonstrated in the data for lysozyme [31] and
ribonuclease [33]. Native proteins apparently
enlarge their size in spite of retaining their native
conformation, as judged by unchanged circular
dichroism spectra. One obvious explanation is
that the matrix changes its structure gradually to
produce extreme points such as ones in Fig. 2 for
Superose-6. Unfortunately, the workers involved
did not perform a universal calibration to test
this situation directly for their conditions. Con-
vincing evidence for such a gradual shift was
obtained, however, on TSK-SW [31,33], which
presumably is resistant to a change in matrix
structure [14]. Hence different explanations must
be sought. The effect may be related to interfa-
cial repulsion, i.e., the solvation shell enlarges
with preferential adsorption of bulky guani-
dinium ions. This may partly compensate for
residual ionic strength differences. This sugges-
tion is amenable to testing by direct force meth-
ods [87,88] with moderately increasing amounts
of GuHCI well before denaturation takes place.

Proteins in GuHCI

GuHCI dissociates all known protein aggre-
gates and induces an almost ideal random coil
structure to the monomeric polypeptide chain.
The size of the coil is therefore directly related
to the linear sequence length. Carbohydrates,
introducing branch points, would then be ex-
pected to decrease the observed size, i.e., molec-
ular masses calculated from eqn. 2 should attain
an intermediate value between the total molecu-
lar mass and that for the plain polypeptide alone.
However, carbohydrates do expand the chain
and deviations from total molecular mass are
only observed for high carbohydrate contents
[9,11,16]. For the same reason, otherwise cross-
linked chains may give erroneous results. Hence
proteins need to be alkylated or studied under
reducing conditions to break all disulphide
bonds. Unreduced proteins in GuHCI have sub-
stantially smaller radii whose exact value is
sequence dependent. As a representative case,
consider bovine serum albumin whose unreduced
GuHCl state is [] =24.8 ml g~ instead of 50.1
ml g™ for the reduced linear form [19]. Chemi-
cally cross-linked proteins are similarly expected
to deviate. It was therefore very interesting to
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observe that our mildly cross-linked myosin
preparation almost behaved like an ideal linear
coil. Good results critically depend on the cross-
linking conditions, however, and the procedure
can hardly be recommended for general usage.

For small peptides the conventional calibration
within the GuHCI system is obviously to be
preferred. Using only one solvent throughout
reduces the risks and uncertainties. Our analysis
demonstrates that accuracy is better in a single
solvent measurement. Actually, one may even
calibrate directly in terms of molecular mass. For
large peptides, where standards are rare or
difficult to acquire, the procedure of universal
calibration in two solvents on a selected rigid
matrix is the method of choice. It should be
mentioned that membrane proteins may also be
studied if the lipid is first removed with acetone
[89].

Other chaotropic agents

For chromatography GuHCI is currently the
denaturant of choice to determine chain molecu-
lar masses, as denaturation by urea is frequently
incomplete and the SDS-protein system sup-
posedly violates universal calibration by eluting
retarded (reviewed in ref. 23). A recent publi-
cation, however, insinuates that previous hydro-
dynamic constants, on which the latter judgment
was based, are wrong [19]. Further studies of the
SDS-protein system will be required. GuHCl
chromatography also works with large polypep-
tides where SDS-PAGE fails (as with titin).

Accuracy of measurement

The accuracy of measurement has been re-
ported for native proteins on Sephadex [90,91],
Sepharose [92] and Sephacryl [92,93]. Differ-
ences between R, and Ry are normally small
and may indicate systematic bias due to interfa-
cial effects. Large differences were found for
membrane proteins in detergent solution on
Sepharose [92], Sephacryl [92], Bio-Rad agarose
[18], TSK-SW [94] and TSK-PW [94]. These
figures, however, were based on R, instead of
R, which is not known in these cases, and the
real bias may be comparable to those for other
native proteins [23]. Generally, the detailed
values depend on the method of calibration [93]
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but the trend is typical for a given matrix.
Different matrices may, however, exhibit differ-
ent trends. Thyroglobulin, for example, has a
similar Rgp. value on Superose-6 (Table V)
(Rggc =8.65 nm) compared with R, =8.6 nm
but a lower value on Sephacryl (Rgic = 7.93 nm)
[93]. Note, however, that this comparison may
be biased by the reference standards studied in
each instance. Similarly, ovalbumin has re-
peatedly been reported to elute prematurely
(Rsgc = 2.9 nm on Sephadex [90] or even Ry =
3.0 nm [95]) compared with R =2.83 nm.
However, one report gives Rgpc =2.75 nm on
Sephacryl [93]. It is a challenging task for the
future to single out and interpret systematic bias
contained in this type of data. For now, let it
suffice to say that errors in GuHCI and under
native conditions are of comparable magnitude.
As has been shown in the Results section, the
accuracy of matching R, by Rgg is better than
5% in single solvent and better than 10% in dual
solvent experiments.

Nebulin

Nebulin has not been isolated in native form.
Most purification protocols used detergents such
as SDS [38,46-48] or urea [49]. Final purification
was mostly by SEC on Sephacryl S-500. The size
of nebulin has been estimated so far only by
SDS-PAGE and assigned values ranging from
500000 to 900 000 [36,39,43,46,47]. The lack of
well characterized standards in this size region is
one reason for this large uncertainty. However,
the size of nebulin is also species specific [46].
Here we describe a preparation method based on
GuHCI and SEC. Nebulin is so large that all
contaminants are easily removed. The sub-
sequent analytical run on a different SEC matrix,
TSK-6000PW, is straightforward and yielded a
molecular mass of 560 000 for chicken pectoralis
muscle. The most recent estimate by SDS-PAGE
is 650000 for this species. It is amongst the
smallest types of nebulin [46].

Titin

Titin has been characterized by a variety of
methods. Here we found a molecular mass for
the monomeric polypeptide chain of titin T-II of
2000000 for the chicken type. Previously re-
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ported molecular masses exhibit wide variations
(Table I), which reflects methodological limita-
tions. The main problem is the lack of adequate
calibration standards. The discrepancy in the
SDS-PAGE data is an artifact of myosin cross-
linking and differences in size assignment for the
cross-link ladder. The previous SEC study in
GuHCI may have had similar problems unless it
merely relied on extrapolation of the calibration
graph with resulted in the same detrimental
effect. Measurement of native titin T-1I is com-
plicated by aggregation, which was not recog-
nized initially and lead to overestimates of the
molecular mass. Sedimentation equilibrium
studies in 6 M GuHCI, on the other hand, were
conducted with a mixture of titin T-I and T-II,
which again give values larger than expected for
pure titin T-II. All things considered, our molec-
ular mass of 2 000000 for titin T-II is consistent
with available information (Table I). Titin orig-
inating from either T-II, or T-II eluted identi-
cally in 4 M GuHCI. Our molecular mass revises
the mass per unit length of 2700 + 900 nm ™" [45]
to 2200 nm .

An interesting and possibly important facet of
the present study is the close similarity of titin
T-II denatured in 6 M GuHCI with native titin
T-1Iy in 600 mM salt. Here R, = Rgzc =53 nm,
whereas native titin T-II; has been characterized
on the same column as R, =Rg =48 nm
(Table I) [42]. First, native titin T-II; is clearly a
monomer. Using a molecular mass of 2 000 000
and s- value of 12.5 S with a partial specific
volume of 0.727 yields R, =38 nm. The same
value is calculated from the data of Maruyama et
al. [39] for an aggregate mixture with a molecu-
lar mass of 2700000 and s =17 S (see above).
This gives strong support for our lower molecu-
lar mass value and demonstrates that Maruyama
et al. studied a mixture of lateral aggregates.
Early micrographs of titin molecules showed
flexible, very long and heterogeneous strings
[39-41]. Using improved specimen orientation
methods before metal shadowing, titin molecules
may be uniformly oriented [42], which facilitates
length measurements but does not correspond to
the structure in solution.

For proteins in GuHCI, experimental s values
[58] may be analysed similarly to intrinsic vis-
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cosities (eqn. 2) and the resulting correlation
between diffusional Stokes radius (nm) and mo-
lecular mass is [62]

R,=2.32,-1072M*" (3)

Hence one may calculate for R, =53 nm that
titin T-IT in 6 M GuHCI has a Stokes radius of
R, =38 nm. In conclusion, native titin T-II; is
highly flexible, close to a random coil and very
similar in structure to its 6 M GuHCI counter-
part. Native titin nonetheless has a defined
secondary structure as judged by circular dichro-
ism [96]. It contains B-strands but also “‘random”
elements. In solution titin forms elastic coils that
may be stretched out to 900-nm long rods during
preparation for electron microscopy [42].

CONCLUSIONS

This study represents a practical application of
chromatographic technique, but at the same time
it maps features relevant to a mechanism of the
SEC process which remains to be identified.

At high ionic strength calibration no longer
changes with I™"? and rather becomes con-
gruent for various conditions. It is therefore
possible to create a combined universal cali-
bration for several different solvents, provided
that the matrix is rigid and does not change in
structure with changes in solvent. The latter has
to be established for every case. If conditions of
rigidity are fulfilled, native assemblies may be
used to establish a high-molecular-mass calibra-
tion for 6 M GuHCl. In this manner it was
possible for the first time to characterize two
ultra-large polypeptides, titin and nebulin, by
SEC in 6 M GuHCI. Their resultant molecular
masses are 560 000 for nebulin and 2 000 000 for
titin T-II. Native titin T-II monomers assume a
conformation in solution that is very similar to
that of their denatured counterpart. Error analy-
sis demonstrates that a dual solvent approach,
which was necessary in the present study, is
inherently less accurate than studies using a
single solvent. Whenever possible a single sol-
vent design should be chosen.
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